In this article, we present an overview of aperture and apertureless type scanning near-field optical microscopy (SNOM) techniques that have been developed, with a focus on three-dimensional (3D) SNOM methods. 3D SNOM has been undertaken to image the local distribution (within~100 nm of the surface) of the electromagnetic radiation scattered by random and deterministic arrays of metal nanostructures or photonic crystal waveguides. Individual metal nanoparticles and metal nanoparticle arrays exhibit unique effects under light illumination, including plasmon resonance and waveguiding properties, which can be directly investigated using 3D-SNOM. In the second part of this article, we will review a few applications in which 3D-SNOM has proven to be useful for designing and understanding specific nano-optoelectronic structures. Examples include the analysis of the nano-optical response phonetic crystal waveguides, aperture antennae and metal nanoparticle arrays, as well as the design of plasmonic solar cells incorporating random arrays of copper nanoparticles as an optical absorption enhancement layer, and the use of 3D-SNOM to probe multiple components of the electric and magnetic near-fields without requiring specially designed probe tips. A common denominator of these examples is the added value provided by 3D-SNOM in predicting the properties-performance relationship of nanostructured systems.
Introduction
Imaging of nanoscale features has been a long standing challenge in optical microscopy. In the late 19th century an apparent fundamental limit on the maximum resolution of an optical image was formulated based on the diffraction theory of light [1] . Although this formulation suggested that optical microscopy was limited to micron-scale objects, the diffraction limit has since been overcome through the development of super resolution techniques operating in the far-field [1] [2] [3] [4] [5] [6] [7] . Far-field super resolution strategies make use of enhanced contrast using a secondary process such as fluorescence or scattering to image subwavelength nanostructures. Fluorescence imaging was one of the first super resolution techniques to be developed. It utilizes fluorescence emitted from a fluorophore used to mark a sample rather than diffracted light, allowing for nanoscale images to be produced down to single-molecule resolution [2] . Fluorescence imaging forms the backbone of super resolution techniques capable of nanoscale imaging, that includes stimulated emission depletion (STED) microscopy, photo-activated localization microscopy, structured illumination spectroscopy, and stochastic optical reconstruction microscopy (STORM) [2, 6, 7] . STED is a variation of fluorescence imaging that achieves higher resolution by selectively quenching fluorophores used for labeling. Through judicious choice of fluorophore and excitation laser, resolution in the tens of nanometers can be achieved [2] . STORM employs a variation of STED utilizing time-resolved selective switching of fluorophores. Selective switching in this manner is used to collect a series of images that can be combined to produce images with nanometer resolution. Through careful choice of measurement optics, STORM can also be used to detect fluorescence from below a sample surface to construct 3D images [7] . The major drawback to any fluorescence based technique is the potential for photo bleaching and sample damage brought on by the requirement for highly focused light sources.
Diffraction limited resolution can be avoided without the need for sample labeling, and the dangers of photo bleaching though the use of scattering techniques such as optical coherence tomography (OCT) which can achieve sub-micron resolution [3] [4] [5] . Researchers realized that OCT could be enhanced with interferometry, which combines a series of images to produce an interference pattern containing information about sub-wavelength surface features. OCT typically employs longer wavelength light which has the added benefit of penetrating deeply into biological tissue. This gives OCT the ability to collect 3D images at depths of hundreds of microns beneath a sample's surface [4] . Light scattering techniques of this type are advantageous over fluorescence in that no labeling of the samples are necessary, but at the cost of lower resolving power. Scanning near-field microscopy (SNOM or NSOM) is the most recently developed super resolution technique based on light scattering that is also capable of obtaining nanoscale images.
SNOM is a photon-in photon-out nano-optical imaging technique that uses near-field light to construct nanoscale images. To make use of the near-field, a nanoscale probe is brought into the near-field of a surface or object to be investigated, causing near-field evanescent waves to be scattered into the far-field to be detected. Evanescent light experiences an exponential decay in the propagation direction away from the originating surface that has the consequence of localizing the near-field to a volume within~100 nm nanometers of the originating emitter. This localization produces a high intensity near-field very near the surface, which contains information about the surface properties beyond the diffraction-limited maximum resolution of the far-field. In this way, SNOM can be used to acquire super resolution optical images by scanning a probe tip over a surface in two dimensions, or mapping the entire near-field of a surface by scanning in three dimensions.
Although SNOM is a nanoscale and contactless technique that does not require any fluorophore labeling and is not subject to the issue of photo bleaching, it possesses other considerable challenges. Probing the near-field of a surface makes it necessary to bring a nanoscale object within the near-field of the surface. This requires finely machined tips that are most often coupled to an atomic force microscope (AFM) system that allows three dimensional movement of the tip with nanometer resolution. This requirement also makes SNOM primarily a surface technique compared to the depth profiling possible with fluorescence labeling. The near-field light emitted from a sample is only capable of propagating a short distance away from the emitting source, which minimizes the depth profiling ability of SNOM.
This review article provides an overview of recent studies using the two different modes of SNOM, aperture and apertureless, that have been applied for the characterization of thin films, nano particles, and devices. The basic theory of SNOM, as well as the differences between the two basic SNOM modes, apertureless and aperture-type, are presented in Section 2. Advances in aperture-type SNOM, defined as mapping of electric and magnetic fields associated to scattering of electromagnetic radiation in the near-field by a particle in the proximity of a nano-aperture are reviewed in Section 3. Imaging using apertureless SNOM, defined as detection of electromagnetic radiation scattered by a particle by using another particle (typically: a scanning probe tip) is presented in Section 4, along with how SNOM has enabled mapping of otherwise inaccessible electromagnetic near-field properties. The final part of this article, Section 5, reviews the use of SNOM in a three-dimensional scanning arrangement. Typically, SNOM measurements are performed by raster scanning the SNOM tip in a two dimensional (x, y) scan while carefully controlling the height of the tip above the surface. As an extension of this type of scanning, 3D SNOM includes additional (x, y) scans moving the probe away from the surface in the z-direction, and has been used to study light scattering near surfaces that is otherwise inaccessible by other techniques.
Types of SNOM Methods
Any monochromatic light field can be represented by a vector field E(r) (similarly for the magnetic component, H(r) containing components A m (r) and ϕ m (r) that represent the spatially dependent amplitude and phase of the vector components of the field (m = x, y, z in Cartesian coordinates). The field can be represented by a set of waves of the form shown below.
where r represents spatial position, and each wave in the set is defined by its wavevector k and complex amplitude E k . For a given far-field distribution in a non-absorbing medium with real index of refraction n, wavevector k is real with an amplitude defined by k o = k 2 x + k 2 y + k 2 z = 2πn/λ, and wavelength in vacuum, λ. However, if k 2 x + k 2 y > k 2 o = ω 2 /c 2 , then k z must have a non-zero imaginary component. From Equation (1) , any imaginary components within the far-field wavevector k will result in an exponentially decaying amplitude. A light wave defined by such exponential decay is termed an evanescent wave, and it experiences an exponential decay in amplitude moving away from its originating location. The exponential decay in the propagation direction away from the originating surface has the consequence of localizing the near-field to the originating emitter structure or interface (within a distance less than 100 nm from the surface), which also results in the light field near a surface being dominated by evanescent light [8] . A consequence of this is the real part of the wavevectors k n is larger than k o , resulting in a near-field structure that contains information about the surface beyond the diffraction-limited maximum resolution of the far-field. Figure 1a illustrates the contrast between imaging in the far and near-fields; to make use of near-field light the SNOM probe must be positioned within the near-field, close to the sample surface at a distance r much less than the wavelength, λ, of the incident light. For this reason, SNOM is typically demonstrated in practice coupled to a scanning microscopy system such as AFM. The cantilever system of an AFM allows the SNOM tip to be positioned very close to the surface at a distance of tens of nm (r << λ), to be within the near-field as shown in Figure 1a ,b. The sample is then scanned in a raster pattern to map the near-field distribution while maintaining a tip position very close to the surface. Coupling to an AFM system also allows for simultaneous collection of a topography image and a SNOM image, providing a method to map the surface nanoscale morphology directly to the optical and chemical properties observed in the SNOM image.
Two distinct modes of SNOM imaging have been employed, and are classified by the type of tip that is used. Aperture SNOM, also called collection SNOM (c-SNOM), uses hollowed out tips that allow light to shine from the back out of, or up into, the tip as shown in Figure 1b . Aperture tips function by generating near-field light by scattering of far-field light from the nanoscale aperture at the end of the tip. The generated tip near-field is subsequently scattered off the sample surface, into the far-field to be detected. Early versions of the SNOM technique employed a tapered optical fiber with a metallic tip and a subwavelength opening for this purpose [1, 8] . The standard aperture tip possesses a circular opening with a typical diameter ranging from 80 to 250 nm, but can be as small as 10-20 nm using advanced nanofabrication procedures. The particular size and shape of the tip and aperture, as well as the tip composition dictate the range of frequencies that can be coupled to or scattered by the sample. In this fashion designer tips have been fabricated with a desired aperture size and shape to improve SNOM performance by increasing resolution, maximizing transmission [9,10], or providing access to more exotic features such as magnetic near-fields using a bowtie, split ring, or pyramidal (campanile) shape [10, 11] . The far and near-field microscopy arrangements are defined by the proximity of the probe to the nano object being probed. When at a distance (r) from the emitting object that is much less than the wavelength of light used, evanescent light dominates the light field; (b) Aperture SNOM where an evanescent light field created by a nanoscale opening at the end of a tip is scattered off of the surface. Light scattered from the surface is detected in the farfield; (c) Apertureless SNOM utilizes near-field light emitted from the surface due to external illumination that is scattered off of a sharp tip into the far-field to be detected.
Although there are a large number of applications that utilize c-SNOM, some significant limitations of this technique remain; (1) low light transmission through the aperture, and (2) a fundamental lower limit of aperture size of approximately 10 nm due to the skin depth of metals [12] . Poor light transmission through the tip aperture can be overcome through the use of high brightness light sources such as lasers, while the lower limit on aperture size can be circumvented through the use of apertureless tips. Apertureless-type SNOM systems, or scattering SNOM (s-SNOM), utilize light from an external source scattered from an apertureless tip which acts as an antenna to produce a source of evanescent light near the nanostructured sample surface as shown in Figure 1c . Apertureless-type operation is advantageous in that it does not suffer from the fundamental size limitations of c-SNOM, and can achieve resolution below 10 nm [1, 8, 13] . However, apertureless-type SNOM systems are more challenging to implement than their aperture-type counterparts. This is due to a relatively intense far-field background composed of light reflected or scattered directly from the sample surface. This unavoidably creates a large background signal over a spatial area much larger than the near-field domain of the tip [14] . The background signal is additionally subject to artifacts if the tip-sample distance is not very carefully controlled, making correct interpretation of apertureless SNOM images more difficult [15] .
(a) Figure 1 . The near-field and types of SNOM tips. (a) The far and near-field microscopy arrangements are defined by the proximity of the probe to the nano object being probed. When at a distance (r) from the emitting object that is much less than the wavelength of light used, evanescent light dominates the light field; (b) Aperture SNOM where an evanescent light field created by a nanoscale opening at the end of a tip is scattered off of the surface. Light scattered from the surface is detected in the far-field; (c) Apertureless SNOM utilizes near-field light emitted from the surface due to external illumination that is scattered off of a sharp tip into the far-field to be detected.
Aperture-Type SNOM

c-SNOM Spectroscopy
In aperture-type near-field microscopy, near-field radiation can be collected through the probe tip where the size and shape of the aperture, as well as the composition of the tip can be tailored towards the specific application over a wide range of wavelengths (200-1700 nm). This allows a host of Appl. Sci. 2017, 7, 973 5 of 25 different spectroscopy techniques to be implemented alongside SNOM systems to allow spectroscopy and imaging at sub-wavelength resolution. Techniques with which aperture-type SNOM has been coupled include Fourier-transform infrared spectroscopy (FTIR) [8] , fluorescence [16] , and Raman spectroscopy [17, 18] .
The lateral resolution of fluorescence from single molecules can be enhanced through near-field imaging of strong fluorescent emitters. Fluorescence SNOM microscopy has been very successful as a contrast method to enhance resolution using transmission, reflection, or phase contrast modes [19, 20] . In Fluorescence microscopy, fluorophores such as engineered organic fluorescent molecules [21] or fluorescent proteins [22] possessing different characteristic absorption and emission wavelengths are used to label different parts of a sample. The ability to distinguish the contrast between fluorescent signals in a given sample then depends on the type of optics and detector used to collect the image. SNOM techniques have been employed as a natural extension of far-field microscopy to increase the resolution, and c-SNOM has been employed in biological, thin film, and device imaging [23, 24] .
Aperture-type SNOM has also been applied with great success in Raman spectroscopy. Although a review on SNOM Raman is beyond the scopes of this article, we cannot omit to report that much research has been focused on increasing the Raman cross-section to the single molecule detection limit. The sensitivity can be improved greatly by combining SNOM with other techniques such as coherent anti-Stokes Raman scattering (CARS), stimulated Raman scattering [25] , or tip enhanced Raman scattering (TERS) [26] . More recently surface enhanced Raman scattering (SERS) has demonstrated label-free single molecule resolution [18, 27] . Coupling Raman spectroscopy with c-SNOM systems overcomes the limitations of the other sensitivity enhancing techniques and can achieve nanoscale-SNOM enhanced Raman spectroscopy [17] . Nano Raman is a c-SNOM technique making use of aperture type tips placed within the near-field of a sample to be imaged. This technique has been used to study inorganic crystals, polymer thin films, liquid-liquid interfaces at the nanoscale, as well as mapping of single molecules on surfaces [17] an investigation that is not possible with conventional far-field Raman.
Imaging Electrical and Magnetic Near-Fields
In addition to probing chemical and morphological properties, SNOM has shown the capability to map electromagnetic near-fields in both c-SNOM and s-SNOM modes using careful tip design. Both the amplitude and phase of the near-field can be mapped, with phase-sensitive c-SNOM measurements allowing detection of the mode properties of light as it propagates through nanoscale waveguides composed of nanoparticles or nanowires [28, 29] . With these capabilities, construction of electric and magnetic vector field maps in the near-field of exotic nanostructures, nanoparticles and nano-antennas has been accomplished [8, 30, 31] .
Several variations of electric and magnetic field mapping are available in the literature using c-SNOM, including the ability to examine either the electric or magnetic near-field components individually, or together to form the complete electromagnetic spectrum [29] . Direct mapping of electric fields near sub wavelength holes acting as nanoantennas has been demonstrated using tips with 30 nm circular apertures [30, 31] . Optical mapping of magnetic fields is more challenging, and was first demonstrated using c-SNOM with a slit etched into the tip of an aperture probe [32] . Etching a slit in the side of the probe in this way converts the aperture probe into split-ring resonator. This architecture effectively converts the normally inaccessible out-of-plane component of the magnetic field (H z ) into detectable in-plane far-field radiation (E x or E y ). Careful probe design has also provided access to the in-plane magnetic fields (H x or H y ), such as a pyramidal shaped probe that has been used to map the magnetic response of plasmonic nanoantennas shown in Figure 2a [11, 33] . Scanning electron microscope (SEM) images of these plasmonic disk (320 nm) and ring (470 nm outer diameter, 300 nm inner diameter) antennas are shown in the top row of Figure 2a . The antennas were excited by an H y magnetic dipole source, positioned 75 nm below the antennas, and SNOM imaging was used to reveal the |Hy| 2 near-field distribution near the antennas. The bottom row of Figure 2a shows experimental Appl. Sci. 2017, 7, 973 6 of 25 SNOM images for the disk and ring architectures. The disk displays a dipole mode which produces a strong plasmon excitation due to the proximity of the probe, represented by a darkened elliptical spot. For the ring, two separated dark lobes are observed on opposite edges of the ring. Both cases correspond well to the simulated field, enabling directed design of nanoantennas [33] .
electron microscope (SEM) images of these plasmonic disk (320 nm) and ring (470 nm outer diameter, 300 nm inner diameter) antennas are shown in the top row of Figure 2a . The antennas were excited by an Hy magnetic dipole source, positioned 75 nm below the antennas, and SNOM imaging was used to reveal the |Hy| 2 near-field distribution near the antennas. The bottom row of Figure 2a shows experimental SNOM images for the disk and ring architectures. The disk displays a dipole mode which produces a strong plasmon excitation due to the proximity of the probe, represented by a darkened elliptical spot. For the ring, two separated dark lobes are observed on opposite edges of the ring. Both cases correspond well to the simulated field, enabling directed design of nanoantennas [33] . The realization that an unspecialized aperture probe could be sensitive to in-plane magnetic fields indicated that the magnetic near-field could be studied in greater detail. It has been since shown that normal circular aperture c-SNOM probes can in fact be sensitive to magnetic near-fields [29, 34] . Through judicious choice of aperture size and metal coating thickness, SNOM mapping of Hx, Hy and Ez of a plane wave has been through the mapping of standing wave patterns on gold films [29] . Using photonic crystal waveguides as a test environment, c-SNOM images have shown that typical circular aperture probes are roughly equally sensitive to electric and magnetic fields, not just to the electric component [34] . The left of Figure 2b shows the use of this technique to map the in-plane map of the resonance shift in a photonic crystal nanocavity, which is made possible by the shift of the nanocavity resonance when the apex a normal circular aperture, metal coated c-SNOM probe is above an antinode of the magnetic field of the cavity [29] . The right part of Figure 2b shows the associated outof-plane magnetic component of the light field (Hz) that can be calculated for the unperturbed cavity [29] . These types of electromagnetic field maps are crucially important in the design and characterization of nano scale optoelectronic devices. A natural extension on the capabilities so far demonstrated for c-SNOM is to map near-fields in three dimensions, which is discussed further in Section 5 where it is used to examine the three dimensional light field of photonic crystal waveguides. The realization that an unspecialized aperture probe could be sensitive to in-plane magnetic fields indicated that the magnetic near-field could be studied in greater detail. It has been since shown that normal circular aperture c-SNOM probes can in fact be sensitive to magnetic near-fields [29, 34] . Through judicious choice of aperture size and metal coating thickness, SNOM mapping of H x , H y and E z of a plane wave has been through the mapping of standing wave patterns on gold films [29] . Using photonic crystal waveguides as a test environment, c-SNOM images have shown that typical circular aperture probes are roughly equally sensitive to electric and magnetic fields, not just to the electric component [34] . The left of Figure 2b shows the use of this technique to map the in-plane map of the resonance shift in a photonic crystal nanocavity, which is made possible by the shift of the nanocavity resonance when the apex a normal circular aperture, metal coated c-SNOM probe is above an antinode of the magnetic field of the cavity [29] . The right part of Figure 2b shows the associated out-of-plane magnetic component of the light field (H z ) that can be calculated for the unperturbed cavity [29] . These types of electromagnetic field maps are crucially important in the design and characterization of nano scale optoelectronic devices. A natural extension on the capabilities so far demonstrated for c-SNOM is to map near-fields in three dimensions, which is discussed further in Section 5 where it is used to examine the three dimensional light field of photonic crystal waveguides.
Apertureless-Type SNOM
Imaging of electromagnetic near-fields has also been widely accomplished using non-aperture SNOM tips (Figure 1c) which can obtain higher resolution images compared to c-SNOM. The requirement for a precisely machined nano aperture is waived, but is replaced with other challenges in terms of signal detection due to a large far-field background signal from an external light source.
Photonic crystal nanocavities are a suitable test environment with well-defined nanostructures that are ideal to make use of the high resolution capabilities of s-SNOM probes [13, [35] [36] [37] . Experiments examining a mid-infrared inverse bowtie antenna using s-SNOM in a polarization-resolved interferometric configuration have been used to reconstruct the near-field vector from the amplitude and phase of the electric field components (E x,y,z ) [36] . Tuning of high quality factor photonic microcavities over a wide range of frequencies has been accomplished by introducing a subwavelength dielectric tip [36, 37] . These cavities enable the study of tip-sample interaction to advantageously control their properties. This is made possible by varying the lateral and vertical position of the tip near the cavity, which can be used to tune the resonator frequency while maintaining the cavity quality factor [36] .
The high resolution of s-SNOM that enables the study of microcavity resonators are also ideal to examine near-field effects such as surface plasmons [38] [39] [40] [41] in graphene and metal nanostructures. Making use of IR light as the illumination source allows for collection of IR-SNOM images [42, 43] , and may also be coupled to FTIR spectrometer to collect high resolution spectroscopy measurements [38, 44] . Imaging of plasmon effects and IR-coupled systems are discussed in the next sections.
Surface Plasmon Imaging
Surface plasmon resonance is a phenomenon arising from the oscillation of free electrons near a material surface under illumination by a light source. Surface plasmons may be localized (within 10's of nanometers) on a surface due to nanostructures, or may propagate over larger areas depending on the material properties. Using a suitable excitation source, imaging of a surface using s-SNOM can reveal details about the surface plasmon distribution, as shown in Figure 3a for a wide piece graphene ribbon on an SiC substrate, and Figure 3b for a graphene ribbon tapering to a point [33] . AFM images of the same flake before and after are shown on the leftmost and rightmost edges, and the colored images show SNOM images taken with 9200 nm (left), 9681 nm (middle) and 10,152 nm (right) light wavelengths. The plasmon resonance wavelength may be tuned over a wide spectral range by adjusting the excitation wavelength used for s-SNOM in the IR spectrum. This is made possible by the dependence of the dielectric constant of the SiC substrate on the excitation wavelength. In this way, the propagation of plasmon waves over the graphene surface may be studied. In Figure 3a , fringes in the wider part of the ribbon are due to plasmon interference caused by plasmon reflections at the graphene edges. Examining the tapered ribbons shows interference fringes with a spacing that decreases with increasing SiC dielectric constant. This is due to a larger substrate permittivity yielding a smaller graphene plasmon wavelength [38] . This type of plasmon imaging can lead to improved s-SNOM performance through the design of enhanced tips. A novel application that has been proposed using graphene plasmonics is the fabrication of graphene-plasmon enhanced s-SNOM tips [39] . In this unusual approach, localized plasmons on graphene are mingled with surface plasmon polaritons to confine plasmon waves into the apex of a nearfield scanning optical microscopy tip. The tip is fabricated as a traditional metallic s-SNOM tip coated with a layer of graphene, resulting in very low loss, high resolution tips [39] .
In addition to graphene, metal nanostructures have been investigated to study surface plasmon polaritons (SPP). SPPs are a type of surface wave that can be guided along a surface with applications in light generation or photonic data storage. This type of surface effect can be induced through the introduction of cross grooves fabricated in an Au thin film [40] . SPP excitation is this case was found to depend on the direction of the electric field of the incident light relative to the cross-sections of the grooves [41] . s-SNOM is uniquely suited to study plasmon activity in nano structures such as graphene because of the extremely high resolution and the requirement that the sample be illuminated by a light field to produce plasmons. 
Infrared Nano-Imaging
Both infrared imaging and FTIR have been coupled to a SNOM system, and have been used successfully using s-SNOM [42] [43] [44] [45] . In this arrangement, the sample is illuminated with far-field IR light with the resulting near-field scattered from an s-SNOM tip. In order to collect FTIR spectra, the AFM-SNOM tip arrangement need not be modified; only additional detectors and optics are required. FTIR SNOM mapping has been used to great effect on other systems including biological systems, semiconductor devices or thin film stacks may be investigated with nano-FTIR systems [38, [42] [43] [44] . The high resolution of SNOM allows the structure of single proteins to be imaged [43] , along with collection of a nano-FTIR of neighboring proteins.
Access to sub-wavelength features of thin films can provide otherwise inaccessible information including polymorphism or phase coexistence in organic films. Figure 4a ,b depict AFM and IR s-SNOM image of a pentacene thin film recorded using mid-infrared illumination, respectively [45] . The topography image alone is not sufficient to identify two different phases of pentacene, thin film or bulk phase, where the bulk phase is associated with larger grains and poor charge carrier mobility [45] . The corresponding IR s-SNOM image however, clearly identifies a mixed phase with larger ellipsoidal grains throughout the films. This is confirmed using nano-FTIR ( Figure 4c ) with peak fitting which clearly identifies a shift in the resonance frequency of the bulk phase (green line, yellow ellipsoids in the image) compared to the surrounding thin film phase (blue line, red areas in the images). 
Applications of 3D-SNOM
Two-dimensional mapping of nanostructured surfaces at the sub-wavelength limit has been slowly maturing for decades, and eventually led to many significant breakthroughs including tip design and coupling to other systems such as IR spectroscopy. 3D light mapping has by comparison not been as greatly utilized. Early work in this field employed aperture tips composed of tapered optical fibers to collect images at variable distances from the surface without the use of advanced AFM based force modulation [46, 47] . In one case the researchers were able to detect Weiner fringes which are an interference pattern arising from interference between incident and reflected light [46] . It was found that the fringe pattern can be collected through the nanoscale aperture of an optical fiber, and can be used to reconstruct an image of the sample surface able to resolve features ~100 nm in size. Alternatively, images can be collected in a plane above a sample surface to image scattered light from nanostructures such as a microgratings [47] . This work demonstrated that SNOM can be used to map light scattering patterns arising from devices in three dimensions using a nano aperture tip.
These early studies lead to mapping of light and electric near-fields in three dimensions that can provide unique insight for device applications where the spatial structure of plasmonic and magnetic fields as well as forward scattered light fields can greatly affect device operation and performance. In the following section, applications of 3D SNOM compared to traditional 2D scanning are discussed, with examples of the use of 3D SNOM to study and improve the design of organic solar cells, nano-aperture antennas, nanoparticle arrays, and photonic crystal waveguides [28, 29, 34, [48] [49] [50] [51] [52] . (c) Nano-FTIR spectra taken at two different locations representing the thin film and bulk phases of a pentacene film (40-nm thick) deposited on an SiO 2 substrate. Lorentzian fits (curves) to the data reveal that the bulk phase (green line, yellow ellipsoids in the image) displays a higher resonance frequency than the surrounding thin film phase (blue line, red phase in the images). Reproduced with permission from [45] , Copyright Nature communications, 2014.
Two-dimensional mapping of nanostructured surfaces at the sub-wavelength limit has been slowly maturing for decades, and eventually led to many significant breakthroughs including tip design and coupling to other systems such as IR spectroscopy. 3D light mapping has by comparison not been as greatly utilized. Early work in this field employed aperture tips composed of tapered optical fibers to collect images at variable distances from the surface without the use of advanced AFM based force modulation [46, 47] . In one case the researchers were able to detect Weiner fringes which are an interference pattern arising from interference between incident and reflected light [46] . It was found that the fringe pattern can be collected through the nanoscale aperture of an optical fiber, and can be used to reconstruct an image of the sample surface able to resolve features~100 nm in size. Alternatively, images can be collected in a plane above a sample surface to image scattered light from nanostructures such as a microgratings [47] . This work demonstrated that SNOM can be used to map light scattering patterns arising from devices in three dimensions using a nano aperture tip.
These early studies lead to mapping of light and electric near-fields in three dimensions that can provide unique insight for device applications where the spatial structure of plasmonic and magnetic fields as well as forward scattered light fields can greatly affect device operation and performance. In the following section, applications of 3D SNOM compared to traditional 2D scanning are discussed, with examples of the use of 3D SNOM to study and improve the design of organic solar cells, nano-aperture antennas, nanoparticle arrays, and photonic crystal waveguides [28, 29, 34, [48] [49] [50] [51] [52] . Figure 5 illustrates the equipment setup that can be used for 3D SNOM measurements. This method employs a variation of collection mode where illumination is directed from the substrate side through an inverted microscope using a laser light source in the case transparent or nearly transparent samples [48] . Alternatively the sample may illuminated from the surface side, but laser illumination from the backside of the substrate has been found to greatly reduce the background of scattered far-field light and improve the near-field signal intensity. A SNOM image in three dimensions can be generated using a SNOM tip mounted on an AFM system and scanned in the near-field of the sample surface at variable distances z away from the surface. The tip is raster scanned over the sample surface in the x-y plane while moving at fixed intervals in the z-direction using a piezoelectric scanner. Light is detected through an upright confocal optical microscope focused on the aperture at the end of the tip for each point (x, y, z) in the scan. The intensity of scattered light collected by the tip aperture transmitted via optical fiber to be measured a photomultiplier tube. Using scans consisting of (x, y) slices in the z direction, the entire near-field and its boundary with the far-field can be mapped.
Appl. Sci. 2017, 7, 973 10 of 25 Figure 5 illustrates the equipment setup that can be used for 3D SNOM measurements. This method employs a variation of collection mode where illumination is directed from the substrate side through an inverted microscope using a laser light source in the case transparent or nearly transparent samples [48] . Alternatively the sample may illuminated from the surface side, but laser illumination from the backside of the substrate has been found to greatly reduce the background of scattered far-field light and improve the near-field signal intensity. A SNOM image in three dimensions can be generated using a SNOM tip mounted on an AFM system and scanned in the near-field of the sample surface at variable distances z away from the surface. The tip is raster scanned over the sample surface in the x-y plane while moving at fixed intervals in the z-direction using a piezoelectric scanner. Light is detected through an upright confocal optical microscope focused on the aperture at the end of the tip for each point (x, y, z) in the scan. The intensity of scattered light collected by the tip aperture transmitted via optical fiber to be measured a photomultiplier tube. Using scans consisting of (x, y) slices in the z direction, the entire near-field and its boundary with the far-field can be mapped. The extent of the mapping capabilities depends on the specific arrangement of a given SNOM instrument. Table 1 below provides details of 3D SNOM microscope configurations that have been reported in the literature in terms of scanning range, type of tip, and illumination source used. From the table SNOM images can be collected over volumes that are hundreds of microns in size, with a variety of illumination sources ranging from infrared and visible light lasers to direct thermal heating of the tip and sample. The extent of the mapping capabilities depends on the specific arrangement of a given SNOM instrument. Table 1 below provides details of 3D SNOM microscope configurations that have been reported in the literature in terms of scanning range, type of tip, and illumination source used. From the table SNOM images can be collected over volumes that are hundreds of microns in size, with a variety of illumination sources ranging from infrared and visible light lasers to direct thermal heating of the tip and sample. * Thermal heating of probe and stage. † Scans in the z-x or z-y planes were not performed.
3D Probing of Near-Fields of Nanostructures
Surfaces composed entirely of metallic nanoparticles or composite films embedded with nanoparticles may be incorporated in the architectures of optoelectronic devices to optimize their performance. Nanoparticles can impart increased efficiency or functionality to traditional device architectures if their implementation is well understood. 3D SNOM has been demonstrated to represent an outstanding tool for a deeper understanding of similar systems, whereas other scanning probe techniques are surface-sensitive only. Figure 6 summarizes the use of 3D SNOM to map plasmonic waves and electric field enhancement. Gold nanoparticles embedded in a polyimide thin film were investigated using SNOM equipped with an 80 nm aperture tip with illumination provided by 532 nm laser light (Figure 6e ) [54] . Gold nanoparticles are promising for use in nanoplasmonic devices because they are strongly resistant to environmental oxidation, while displaying an appropriate plasmon resonance suitable for harvesting light in the visible range. Gold nanoparticles nucleated within the film layer with different annealing temperatures and atmospheres were visible in simultaneous AFM (left side of Figure 6a -d) and c-SNOM (right side of the same) images. Comparison of AFM and c-SNOM images for these transparent samples qualitatively indicates the different depth of various nanoparticles within the film as on the surface detectable by AFM or below the surface only detectable by SNOM. AFM indicates large (up to 2 µm) metallic microclusters near the surface of the films, while smaller (<500 nm) nanoparticles are observed much deeper below the surface. 3D SNOM imaging scanning pattern in Figure 6e is used to image the plasmonic waves and electric field enhancement at a distance z above the surface (Figure 6f ). The mapping shows enhanced light scattering intensity close to the surface of the films, with areas of constructive and destructive interference evident moving away from the sample surface up to a distance of several microns. In addition to gold nanostructures, semi continuous films of copper nanoparticles have also been identified as components for optoelectronic devices to manipulate scattered light fields and were studied by multidimensional SNOM methods. Small metallic particles of appropriate shape and size can be used to generate large plasmonic field enhancements that may be useful for optoelectronic devices [59] . 3D spatial mapping of these nanoparticles in the near-field revealed new phenomena concerning light scattering by nano-objects. Radiation scattering from nanostructures may have several potential applications in optoelectronic devices: in addition to providing information about the size, shape, and location of nanoparticles in a film, 3D SNOM can be used to map scattered light fields in space. The properties, location, and intensity of scattered light fields are of paramount importance for controlling light scattering in optoelectronic devices such as solar cells, waveguides, and light emitting diodes. 3D SNOM can be used to map constructive and destructive interference of scattered light fields to help improve the design or optimize the efficiency of such devices. Figure 7 illustrates how 3D SNOM mapping could be combined with AFM to image arrays of thermally nucleated copper nanoparticles obtained using an aperture tip [48] In addition to gold nanostructures, semi continuous films of copper nanoparticles have also been identified as components for optoelectronic devices to manipulate scattered light fields and were studied by multidimensional SNOM methods. Small metallic particles of appropriate shape and size can be used to generate large plasmonic field enhancements that may be useful for optoelectronic devices [59] . 3D spatial mapping of these nanoparticles in the near-field revealed new phenomena concerning light scattering by nano-objects. Radiation scattering from nanostructures may have several potential applications in optoelectronic devices: in addition to providing information about the size, shape, and location of nanoparticles in a film, 3D SNOM can be used to map scattered light fields in space. The properties, location, and intensity of scattered light fields are of paramount importance for controlling light scattering in optoelectronic devices such as solar cells, waveguides, and light emitting diodes. 3D SNOM can be used to map constructive and destructive interference of scattered light fields to help improve the design or optimize the efficiency of such devices. Figure 7 illustrates how 3D SNOM mapping could be combined with AFM to image arrays of thermally nucleated copper nanoparticles obtained using an aperture tip [48] . The AFM image in shown in panel (a) was collected simultaneously with the SNOM image shown in panel (b) Yellow pixels in panel (b) represent the location of nanoparticles in panel (a) and show regions near the nanoparticles of higher intensity forward-scattered light. Comparing the background signal to that of the copper nanoparticles clearly indicates that very near the sample surface (z ≈ 0), the intensity of light scattered by the bare glass substrate is significantly lower in intensity compared to light scattered from the nanoparticles. From the AFM image the nanoparticle size is significantly smaller than the illumination wavelength, λ = 532 nm, which means the scattered electric field produced by the nanoparticles is better represented as an infinite superposition of multipoles rather than a purely dipole field [48] . Such a multipolar field is expected to undergo a series of intensity oscillations moving away from the surface showing bands of maxima and minima interval distances z, a property that is not displayed by a purely dipole field [60] . of the copper nanoparticles clearly indicates that very near the sample surface (z ≈ 0), the intensity of light scattered by the bare glass substrate is significantly lower in intensity compared to light scattered from the nanoparticles. From the AFM image the nanoparticle size is significantly smaller than the illumination wavelength, λ = 532 nm, which means the scattered electric field produced by the nanoparticles is better represented as an infinite superposition of multipoles rather than a purely dipole field [48] . Such a multipolar field is expected to undergo a series of intensity oscillations moving away from the surface showing bands of maxima and minima interval distances z, a property that is not displayed by a purely dipole field [60] . Figure 7b , confirming the multipolar nature of the near-field. The bands of oscillating intensity are found to extend into the far-field up to distances of 5 μm away from the surface, and possess a nearly uniform intensity along the x-direction excepting a relatively lower intensity corresponding to the largest particles. This effect is observed because even on a surface where the nanoparticles are not closely packed, they cannot be considered to be isolated when the inter-particle distances remain smaller than the wavelength of probing light. Variations in particle diameter were found to affect the intensity of the first maximum of forward-scattered light as a function of average particle size. Light scattered from nanoparticles with larger diameters is coupled more closely to the surface, which is attributed to the dependence of the cross-section for near-field light absorption and scattering on the particle size [59] . As a consequence of this copper nanoparticles with a diameters of 80 nm or greater exhibit multipolar effects induced by Mie scattering that causes strong coupling of this scattered light to the substrate in the nanoparticle vicinity. Figure 7d presents the integrated intensity of light scattered along the A-A′ cross-section labeled in Figure 7b and corresponding to the z-axis of Figure 7c . Maxima and minima arising from constructive and destructive interference, respectively, are visible on the micron scale moving away from the surface. For the nanoparticles specific to this sample the first intensity maximum of forward-scattered light is observed 1200 nm above the surface, within the far-field of scattered light. The absolute maxima occurs further away in the far-field at Δz = 4400 nm. This information can be used to achieve Figure 7b , confirming the multipolar nature of the near-field. The bands of oscillating intensity are found to extend into the far-field up to distances of 5 µm away from the surface, and possess a nearly uniform intensity along the x-direction excepting a relatively lower intensity corresponding to the largest particles. This effect is observed because even on a surface where the nanoparticles are not closely packed, they cannot be considered to be isolated when the inter-particle distances remain smaller than the wavelength of probing light. Variations in particle diameter were found to affect the intensity of the first maximum of forward-scattered light as a function of average particle size. Light scattered from nanoparticles with larger diameters is coupled more closely to the surface, which is attributed to the dependence of the cross-section for near-field light absorption and scattering on the particle size [59] . As a consequence of this copper nanoparticles with a diameters of 80 nm or greater exhibit multipolar effects induced by Mie scattering that causes strong coupling of this scattered light to the substrate in the nanoparticle vicinity. Figure 7d presents the integrated intensity of light scattered along the A-A' cross-section labeled in Figure 7b and corresponding to the z-axis of Figure 7c . Maxima and minima arising from constructive and destructive interference, respectively, are visible on the micron scale moving away from the surface. For the nanoparticles specific to this sample the first intensity maximum of forward-scattered light is observed 1200 nm above the surface, within the far-field of scattered light. The absolute maxima occurs further away in the far-field at ∆z = 4400 nm. This information can be used to achieve efficient light harvesting in devices such as solar cells by incorporating a layer of nanoparticles into their architecture at the appropriate location.
A variation of 3D SNOM utilized stroboscopic measurements of different faces of the same film. This technique has been used to great effect to study symmetry breaking induced by IR laser illumination in a vanadium dioxide (VO 2 ), thin film using IR s-SNOM. In strongly correlated electron materials, broken symmetries can result in separation of multiple phases in the course of a solid-solid phase transition, where VO 2 exhibits such a phase transition at a temperature close to room temperature (340 K) [56] . Figure 8 shows s-SNOM near-field images using an 18.8 mW near-IR pump laser taken at three different locations across the surface of a 250 nm VO 2 film surface with their corresponding AFM images. Elevating the sample temperature to 334 K induces a highly oriented stripe state that presents a herringbone pattern with two distinct orientations representing the two equivalent in-plane orientations of the monoclinic c-axis [56] . A variation of 3D SNOM utilized stroboscopic measurements of different faces of the same film. This technique has been used to great effect to study symmetry breaking induced by IR laser illumination in a vanadium dioxide (VO2), thin film using IR s-SNOM. In strongly correlated electron materials, broken symmetries can result in separation of multiple phases in the course of a solid-solid phase transition, where VO2 exhibits such a phase transition at a temperature close to room temperature (340 K) [56] . Figure 8 shows s-SNOM near-field images using an 18.8 mW near-IR pump laser taken at three different locations across the surface of a 250 nm VO2 film surface with their corresponding AFM images. Elevating the sample temperature to 334 K induces a highly oriented stripe state that presents a herringbone pattern with two distinct orientations representing the two equivalent in-plane orientations of the monoclinic c-axis [56] . These images are indicative of a spontaneous symmetry-breaking phase separation due to the blocking of the pump laser between measurements that varies the temperature of the sample. The re-illumination at that start of each scan produces a new strained architecture in the film that is similar but uniquely different from the previous state, and can be seem in both s-SNOM and AFM images. The symmetry breaking in this film can be understood considering a Landau-like free elastic energy model; as the material goes through a transition to a distorted phase of lower symmetry, longrange elastic modes couple to allowed short-range modes to yield two energy minima with equal potentials and mirror symmetry, corresponding in this case to two different monoclinic c-axis orientations with mirror symmetry [56] .
To gain additional insight into the structure of the films after a phase transition, s-SNOM measurements were also conducted in the cross-sectional face of the VO2 film, as shown in Figure 9 . These measurements were collected at a temperature 5 degrees below the transition temperature, to produce three adjacent regions are shown with characteristic near-field patterns. These images can be used to map the metal nucleation by the property that a larger s-SNOM intensity corresponds to a higher IR conductivity a greater metal density [56] . Although the nucleation pattern varies somewhat across the film, within all the cross-section regions metallic nucleation occurs preferentially at the film/substrate interface where the epitaxial strain is the strongest. These metallic regions can then These images are indicative of a spontaneous symmetry-breaking phase separation due to the blocking of the pump laser between measurements that varies the temperature of the sample. The re-illumination at that start of each scan produces a new strained architecture in the film that is similar but uniquely different from the previous state, and can be seem in both s-SNOM and AFM images. The symmetry breaking in this film can be understood considering a Landau-like free elastic energy model; as the material goes through a transition to a distorted phase of lower symmetry, long-range elastic modes couple to allowed short-range modes to yield two energy minima with equal potentials and mirror symmetry, corresponding in this case to two different monoclinic c-axis orientations with mirror symmetry [56] .
To gain additional insight into the structure of the films after a phase transition, s-SNOM measurements were also conducted in the cross-sectional face of the VO 2 film, as shown in Figure 9 . These measurements were collected at a temperature 5 degrees below the transition temperature, to produce three adjacent regions are shown with characteristic near-field patterns. These images can be used to map the metal nucleation by the property that a larger s-SNOM intensity corresponds to a higher IR conductivity a greater metal density [56] . Although the nucleation pattern varies somewhat across the film, within all the cross-section regions metallic nucleation occurs preferentially at the film/substrate interface where the epitaxial strain is the strongest. These metallic regions can then extend up to the VO 2 film surface, where a stripe like herringbone pattern emerges seen in Figure 8 . Both cross-sectional and planar s-SNOM mapping enables a nanoscopic investigation of spontaneous symmetry breaking in a 3D geometry. This type of analysis can be extended to other materials, and illustrates a complimentary use of 3D SNOM to scan multiple faces of the same material.
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15 of 25 extend up to the VO2 film surface, where a stripe like herringbone pattern emerges seen in Figure 8 . Both cross-sectional and planar s-SNOM mapping enables a nanoscopic investigation of spontaneous symmetry breaking in a 3D geometry. This type of analysis can be extended to other materials, and illustrates a complimentary use of 3D SNOM to scan multiple faces of the same material. 
Optimization of Nano-Optical Devices
The first use of 3D SNOM to probe a scattered light field of an optoelectronic device was accomplished by means of a focusing waveguide grating coupler (FWGC) as an experimental system [61] . This study was undertaken to evaluate SNOM as a complimentary tool to characterize FWGCs, which normally are difficult and time consuming to accurately analyze, requiring a full 3D calculation to predict their waveguiding properties. The focal spot produced by such FWGCs is nanoscale is size near the grating surface, and therefore can only be imaged using non-diffraction limited techniques. In this case, SNOM was capable of imaging the real performance of the FWGC by imaging the spot at different heights about the sample, for comparison to a much simpler 2D Bloch wave analysis which was able to fully characterize the FWGC [61] . This initial investigation showed the utility of 3D SNOM beyond scanning the near-field very close to the surface, and how it can be used to study light scattering antennas and waveguides.
3D-SNOM has since been used to investigate resonant illumination of nano antennae consisting of ordered nano-holes as shown in Figure 10a [49, 55] . Nano hole antennas can possess interesting optoelectronic properties used to scatter light in a controlled way. The nano hole antenna shown in Figure 10a consists of a 40 nm thick gold film perforated with 17 holes of 150 nm in diameter arrayed in a line separated by 20 nm spaces and illuminated with 660 nm laser light [49] . Panel (b) shows the result of a 2D digital heterodyne holography scan above the sample surface to image scattered light. Although DHH is capable of 3D imaging similar to 3D SNOM, it is a far-field technique and therefore the resulting image is diffraction limited. This can be seen from the corresponding SNOM image showing much higher resolution details of the nano holes. This nanostructure has also been investigated in three dimensions to probe the light scattered above the nanoholes as shown in Figure 10c . The uniform light intensity near the surface indicates coupling between the nano holes. The interference Figure 9 . IR s-SNOM image of the cross-section of the VO 2 film at 335 K. The white lines represent the boundary between crystal domains as seen in Figure 8 . The cross section shows 3 distinct regions, which indicate the nucleation of metal atoms where a more intense IR s-SNOM signal corresponds to a higher IR conductivity. The image indicates that metal nucleation happens preferentially at the film/substrate interface where the epitaxial strain is strongest. Reproduced with permission from [56] , Copyright Applied Physics Letters, 2014.
3D-SNOM has since been used to investigate resonant illumination of nano antennae consisting of ordered nano-holes as shown in Figure 10a [49, 55] . Nano hole antennas can possess interesting optoelectronic properties used to scatter light in a controlled way. The nano hole antenna shown in Figure 10a consists of a 40 nm thick gold film perforated with 17 holes of 150 nm in diameter arrayed in a line separated by 20 nm spaces and illuminated with 660 nm laser light [49] . Panel (b) shows the result of a 2D digital heterodyne holography scan above the sample surface to image scattered light. Although DHH is capable of 3D imaging similar to 3D SNOM, it is a far-field technique and therefore the resulting image is diffraction limited. This can be seen from the corresponding SNOM image showing much higher resolution details of the nano holes. This nanostructure has also been investigated in three dimensions to probe the light scattered above the nanoholes as shown in Figure 10c . The uniform light intensity near the surface indicates coupling between the nano holes. The interference pattern observed in the SNOM image is a consequence of light originating from the surface that is back scattered from the tip itself and reflected from the Au surface to be collected by the tip. pattern observed in the SNOM image is a consequence of light originating from the surface that is back scattered from the tip itself and reflected from the Au surface to be collected by the tip. Nano antennas or apertures with more exotic shapes such as the bowtie antenna [50, 51] have been sought after for their light scattering properties. Bowtie shaped antennas are designed to produce enhanced electric fields in the aperture between the two bowtie halves. Figure 11 shows the optical amplitude distribution in the space above a bowtie antenna of this type, using s-SNOM imaging. This bowtie antenna was manufactured using focused ion beam milling to produce an aperture with an outline of 150 nm and a gap size of 20 nm in a 60 nm gold film to [50] . From Figure 11a , the electric (Ez) field is concentrated along the edges of the bowtie-shaped aperture gap. The curvature of the side walls of the bowtie aperture gap allows the near-field to spread along the curvatures and reduce its spatial confinement to the aperture. From the 3D SNOM scans the near-field can be seen to extend up to 20 nm from the film surface, at which point it drops off sharply in intensity. The optical phase image (Figure 11b) clearly identifies a 180° phase shift that is characteristic of bowtie apertures, and extends past the near-field boundary seen in the amplitude image [50, 51] .
The 2D optical amplitude and phase in an x-y plane directly above the film surface corresponding to z = 0 are constructed from the volume data and shown in Figure 11c ,d. In Figure 11c , two separate hot spots of the Ez field with FWHMs of 90 nm are clearly identified above the apex of each half of the bowtie, with a minima in the field at the center corresponding to the gap of the bowtie aperture. The phase shift seen in the x-z scan is reproduced at the bowtie antenna surface, showing that this effect extends spatially in three dimensions. The full three-dimensional field can be reconstructed from these scans; Figure 11e shows the intersection of the x-y, x-z, and y-z data planes. Nano antennas or apertures with more exotic shapes such as the bowtie antenna [50, 51] have been sought after for their light scattering properties. Bowtie shaped antennas are designed to produce enhanced electric fields in the aperture between the two bowtie halves. Figure 11 shows the optical amplitude distribution in the space above a bowtie antenna of this type, using s-SNOM imaging. This bowtie antenna was manufactured using focused ion beam milling to produce an aperture with an outline of 150 nm and a gap size of 20 nm in a 60 nm gold film to [50] . From Figure 11a , the electric (E z ) field is concentrated along the edges of the bowtie-shaped aperture gap. The curvature of the side walls of the bowtie aperture gap allows the near-field to spread along the curvatures and reduce its spatial confinement to the aperture. From the 3D SNOM scans the near-field can be seen to extend up to 20 nm from the film surface, at which point it drops off sharply in intensity. The optical phase image (Figure 11b) clearly identifies a 180 • phase shift that is characteristic of bowtie apertures, and extends past the near-field boundary seen in the amplitude image [50, 51] . In addition to nano antennae, photonic crystal waveguides (PhCWs) possess evanescent wave fields that have been investigated in great detail using SNOM imaging. In these devices, 3D SNOM can be utilized to examine the six components of the electric and magnetic fields. Measurements at increasing distances z above the crystal can be used to differentiate between parallel electric (E‖) and magnetic (H‖) fields. In the x, y plane of symmetry, only transverse components (Ex, Ey, Hz) of the electromagnetic field are non-zero and have been detected using SNOM [29] . However, as the distance from the surface increases the relative amplitudes of the electric and magnetic fields and their spatial profiles changes. This divergence occurs because a given mode is composed of many Bloch harmonics in superposition, each of which experiences a different decay in the z-direction, which can be investigated using 3D SNOM. Figure 12 shows the result of 3D SNOM investigations of a silicon PhCW with 120 nm radius holes separated by 420 nm spaces. This structure is illuminated by 1570 nm light along the plane of the waveguide, which is maintained in the waveguide by the photonic bandgap of the surrounding holes, and confined to the bulk of the silicon by total internal reflection. The PhCW acts a waveguide to confine light incident on the edge of the silicon PhCW between two rows of periodic holes that create a periodicity in the dielectric properties of the silicon resulting in confinement of the light between the holes. Each individual small panel in Figure 12 is a 2D scan of a portion of the waveguide, collected at a height above the surface given by the scale on the left of the figure. Panels (c) and (d) of Figure 12 show the measured light field above the sample where Lx and Ly represent separate detectors that are set to preferentially measure the Ex or Ey field components respectively. The Lx signal presents a minimum along the center of the waveguide (arrow at the bottom of panel c) that is similar to the calculated Ex in panel a as expected. However, the signal obtained from Ly greatly resembles the calculated Hx field rather than Ey as expected. These observations indicate that the 3D SNOM measurements above the sample surface actually measure a superposition of the E‖ and H‖ fields. Therefore, using a symmetrical c-SNOM probe it is possible to access all components of the electromagnetic spectrum above a PhCW using 3D SNOM mapping. The individual components can be further decoupled using Maxwell's equations combined with additional constraints such as symmetry in the sample or measurements with probes of different shapes [29] . The 2D optical amplitude and phase in an x-y plane directly above the film surface corresponding to z = 0 are constructed from the volume data and shown in Figure 11c ,d. In Figure 11c , two separate hot spots of the E z field with FWHMs of 90 nm are clearly identified above the apex of each half of the bowtie, with a minima in the field at the center corresponding to the gap of the bowtie aperture. The phase shift seen in the x-z scan is reproduced at the bowtie antenna surface, showing that this effect extends spatially in three dimensions. The full three-dimensional field can be reconstructed from these scans; Figure 11e shows the intersection of the x-y, x-z, and y-z data planes.
In addition to nano antennae, photonic crystal waveguides (PhCWs) possess evanescent wave fields that have been investigated in great detail using SNOM imaging. In these devices, 3D SNOM can be utilized to examine the six components of the electric and magnetic fields. Measurements at increasing distances z above the crystal can be used to differentiate between parallel electric (E ) and magnetic (H ) fields. In the x, y plane of symmetry, only transverse components (E x , E y , H z ) of the electromagnetic field are non-zero and have been detected using SNOM [29] . However, as the distance from the surface increases the relative amplitudes of the electric and magnetic fields and their spatial profiles changes. This divergence occurs because a given mode is composed of many Bloch harmonics in superposition, each of which experiences a different decay in the z-direction, which can be investigated using 3D SNOM. Figure 12 shows the result of 3D SNOM investigations of a silicon PhCW with 120 nm radius holes separated by 420 nm spaces. This structure is illuminated by 1570 nm light along the plane of the waveguide, which is maintained in the waveguide by the photonic bandgap of the surrounding holes, and confined to the bulk of the silicon by total internal reflection. The PhCW acts a waveguide to confine light incident on the edge of the silicon PhCW between two rows of periodic holes that create a periodicity in the dielectric properties of the silicon resulting in confinement of the light between the holes. Each individual small panel in Figure 12 is a 2D scan of a portion of the waveguide, collected at a height above the surface given by the scale on the left of the figure. Panels (c) and (d) of Figure 12 show the measured light field above the sample where L x and L y represent separate detectors that are set to preferentially measure the E x or E y field components respectively. The L x signal presents a minimum along the center of the waveguide (arrow at the bottom of panel c) that is similar to the calculated E x in panel a as expected. However, the signal obtained from L y greatly resembles the calculated H x field rather than E y as expected. These observations indicate that the 3D SNOM measurements above the sample surface actually measure a superposition of the E and H fields. Therefore, using a symmetrical c-SNOM probe it is possible to access all components of the electromagnetic spectrum above a PhCW using 3D SNOM mapping. The individual components can be further decoupled using Maxwell's equations combined with additional constraints such as symmetry in the sample or measurements with probes of different shapes [29] . Beyond the study of previously exiting waveguide architectures, 3D SNOM has also been used to aid in the design of other types of devices such as organic bulk heterojunction (BHJ) solar cells. The distribution of scattered light resulting of from a nanostructured surface can also be utilized to enhance the performance of BHJs. The prospects of this concept have been explored using a structured plasmonic architecture solar cell containing a layer of copper nanoparticles. The architecture is shown in Figure 13c ,e where an SiO2 thin film is placed as a spacer between the solar cell active layer and a layer of copper nanoparticles [48] . Figure 13a illustrates the integrated scattered light intensity in the SiO2 modified device compared to a reference cell. A region of forward-scattered light exhibiting constructive interference is revealed from z = 0-550 nm above the nanoparticle layer when the spacer is present, as well as strong constructive interference at a greater distance from the nanoparticle layers. This enhancement region is the result of coupling between normally incident plane waves on the SiO2 surface and waves travelling laterally, parallel to the surface. The superposition of these lateral and normal components leads to scattered light with increased intensity that is combined with the normally incident light in constructive interference. By contrast, when the spacer is not used destructive interference is observed in a band 160 nm from the sample surface. This has the effect of considerably depleting the near-field in the region where the solar cell active layer would be placed in a typical architecture. In the spacer-enhanced cell the amplified forward-scattering field is ideally located to fall in the active solar cell region. Beyond the study of previously exiting waveguide architectures, 3D SNOM has also been used to aid in the design of other types of devices such as organic bulk heterojunction (BHJ) solar cells. The distribution of scattered light resulting of from a nanostructured surface can also be utilized to enhance the performance of BHJs. The prospects of this concept have been explored using a structured plasmonic architecture solar cell containing a layer of copper nanoparticles. The architecture is shown in Figure 13c ,e where an SiO 2 thin film is placed as a spacer between the solar cell active layer and a layer of copper nanoparticles [48] . Figure 13a illustrates the integrated scattered light intensity in the SiO 2 modified device compared to a reference cell. A region of forward-scattered light exhibiting constructive interference is revealed from z = 0-550 nm above the nanoparticle layer when the spacer is present, as well as strong constructive interference at a greater distance from the nanoparticle layers. This enhancement region is the result of coupling between normally incident plane waves on the SiO 2 surface and waves travelling laterally, parallel to the surface. The superposition of these lateral and normal components leads to scattered light with increased intensity that is combined with the normally incident light in constructive interference. By contrast, when the spacer is not used destructive interference is observed in a band 160 nm from the sample surface. This has the effect of considerably depleting the near-field in the region where the solar cell active layer would be placed in a typical architecture. In the spacer-enhanced cell the amplified forward-scattering field is ideally located to fall in the active solar cell region. The use of nanoparticle layers to enhance light collection was examined in solar cells fabricated with and without a SiO2 spacer. Solar cell architectures of this type are shown schematically in Figure 13d ,e consisting of a BHJ active layer prepared from a mixture of regioregular poly-(3-hexylthiophene-2,5-diyl) (P3HT) and [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM) [48] . A layer of copper nanoparticles is incorporated on top of the indium tin oxide electrodes in both devices to serve as a forward scattering layer, and I-V curves were collected under inert nitrogen atmosphere as shown in Figure 13f ,g for the reference and spacer-enhanced solar cells, respectively. Although the I-V characteristics of the two devices are very similar under no illumination, a significantly larger photocurrent was extracted from devices containing the spacer, more than twice the value obtainable in the unmodified reference cell. The increase in photocurrent alone is sufficient to improve the power conversion efficiency (PCE) from η = 1.38% with no spacer present to η = 3.08% on average with the spacer. The increased PCE is a result of increased intensity of light scattered by the layer of copper nanoparticles into the active layer of the solar cell.
The light scattering properties of copper nanoparticles have also been extended to evanescent waveguide technology. It has been shown recently that arrays of copper nanoparticles can be thermally nucleated from a thin layer of copper deposited on few layer graphene sheets [28] . Under controlled conditions of annealing temperature and atmosphere, the nanoparticles can be encouraged to form ordered arrays with interesting optoelectronic properties [28] . Figure 14 presents scanning electron microscopy (SEM) images of copper nanoparticle arrays nucleated on graphene flakes at different annealing temperatures. Superlattices of copper nanoparticles are found to be formed at intermediate annealing temperatures (~350 °C) where nanoparticles nucleate preferentially along graphene armchair edges. At the extremes, nucleation is either limited by low temperature, or promotes the appearance of disordered arrays at higher temperatures. The use of nanoparticle layers to enhance light collection was examined in solar cells fabricated with and without a SiO 2 spacer. Solar cell architectures of this type are shown schematically in Figure 13d ,e consisting of a BHJ active layer prepared from a mixture of regioregular poly-(3-hexylthiophene-2,5-diyl) (P3HT) and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) [48] . A layer of copper nanoparticles is incorporated on top of the indium tin oxide electrodes in both devices to serve as a forward scattering layer, and I-V curves were collected under inert nitrogen atmosphere as shown in Figure 13f ,g for the reference and spacer-enhanced solar cells, respectively. Although the I-V characteristics of the two devices are very similar under no illumination, a significantly larger photocurrent was extracted from devices containing the spacer, more than twice the value obtainable in the unmodified reference cell. The increase in photocurrent alone is sufficient to improve the power conversion efficiency (PCE) from η = 1.38% with no spacer present to η = 3.08% on average with the spacer. The increased PCE is a result of increased intensity of light scattered by the layer of copper nanoparticles into the active layer of the solar cell.
The light scattering properties of copper nanoparticles have also been extended to evanescent waveguide technology. It has been shown recently that arrays of copper nanoparticles can be thermally nucleated from a thin layer of copper deposited on few layer graphene sheets [28] . Under controlled conditions of annealing temperature and atmosphere, the nanoparticles can be encouraged to form ordered arrays with interesting optoelectronic properties [28] . Figure 14 presents scanning electron microscopy (SEM) images of copper nanoparticle arrays nucleated on graphene flakes at different annealing temperatures. Superlattices of copper nanoparticles are found to be formed at intermediate annealing temperatures (~350 • C) where nanoparticles nucleate preferentially along graphene armchair edges. At the extremes, nucleation is either limited by low temperature, or promotes the appearance of disordered arrays at higher temperatures. C-SNOM (x, z) scans were used to characterize the copper nanoparticle arrays and determine the electric field intensity perpendicular to the plane of the substrate during excitation by a laser source. Figure 15f ,g schematically show how the laser light is applied to the copper nanoparticle superlattices, where an ordered lattice can exhibit waveguiding properties. Modes are generated by the laser source, with an evanescent near-field propagating along the sample surface which can be collected through the SNOM tip aperture. Figure 15a -c show the AFM, c-SNOM, and SEM images, respectively, of the same copper nanoparticle super lattice. Figure 15d shows c-SNOM scans in z-direction for the two line sections, A-A' and B-B' representing superlattice and disordered areas. The light fields displayed indicate that section A-A' demonstrates evanescent waveguiding properties by the strong intensity observed near the surface with an absence of destructive interference. Another scan along the section B-B' with disordered nanoparticles exhibits the expected intensity oscillation along the z-axis that indicates incoherent Mie scattering from randomly arrayed nanoparticles [60] .
The integrated light intensity profiles extracted from Figure 15d are shown in panel e relative to the distance away from the surface, z. Figure 15e shows an exponential decay of light intensity is observed in the proximity of ordered nanoparticle arrays (region A-A') moving away from the surface, in agreement with the evanescent wave decay profile. By contrast the scattered light intensity from the disordered section B-B' shows multiple oscillations. This effect arises from a superposition of multipole and incoherent Mie scattering [60] . C-SNOM (x, z) scans were used to characterize the copper nanoparticle arrays and determine the electric field intensity perpendicular to the plane of the substrate during excitation by a laser source. Figure 15f ,g schematically show how the laser light is applied to the copper nanoparticle superlattices, where an ordered lattice can exhibit waveguiding properties. Modes are generated by the laser source, with an evanescent near-field propagating along the sample surface which can be collected through the SNOM tip aperture. Figure 15a -c show the AFM, c-SNOM, and SEM images, respectively, of the same copper nanoparticle super lattice. Figure 15d shows c-SNOM scans in z-direction for the two line sections, A-A' and B-B' representing superlattice and disordered areas. The light fields displayed indicate that section A-A' demonstrates evanescent waveguiding properties by the strong intensity observed near the surface with an absence of destructive interference. Another scan along the section B-B' with disordered nanoparticles exhibits the expected intensity oscillation along the z-axis that indicates incoherent Mie scattering from randomly arrayed nanoparticles [60] .
The integrated light intensity profiles extracted from Figure 15d are shown in panel e relative to the distance away from the surface, z. Figure 15e shows an exponential decay of light intensity is observed in the proximity of ordered nanoparticle arrays (region A-A') moving away from the surface, in agreement with the evanescent wave decay profile. By contrast the scattered light intensity from the disordered section B-B' shows multiple oscillations. This effect arises from a superposition of multipole and incoherent Mie scattering [60] . The underlying mechanism of the copper nanoparticle array waveguide begins with laser light incident on the graphene at grazing incidence. In this case, the presence of the graphene layer determines the polarization of the propagating light. Graphene is an optically anisotropic material where the dielectric constant possesses a large in-plane imaginary part, while the out-of-plane imaginary part is very close to zero [62] . The result is that for light propagating a grazing incidence to the graphene edge, the in plane polarization component becomes strongly attenuated, while the out-ofplane component will continue to propagate along the graphene surface without significant attenuation. The nanoparticle superlattice offers a preferential direction for light propagation compared to unmodified graphene, corresponding to the direction of parallel lines of copper nanoparticles.
Conclusions
In conclusion, our review shows that advanced SNOM is a powerful imaging technique with immense potential that has so been only partially realized. With the advent of advanced nanofabrication methods, it is now possible to produce designer c-SNOM tips of varied composition with finely controlled aperture sizes from 100 nm to as small as 20 nm. Studies have shown that SNOM is able to map the complete electromagnetic near-field of nanostructures, even without resorting to specialized tip designs. Access to this unique near-field information has significant potential to improve the design and performance of optoelectronic devices. Imaging near-fields in three dimensions is a natural extension on traditional 2D c-SNOM mapping to examine nanostructures, complementing The underlying mechanism of the copper nanoparticle array waveguide begins with laser light incident on the graphene at grazing incidence. In this case, the presence of the graphene layer determines the polarization of the propagating light. Graphene is an optically anisotropic material where the dielectric constant possesses a large in-plane imaginary part, while the out-of-plane imaginary part is very close to zero [62] . The result is that for light propagating a grazing incidence to the graphene edge, the in plane polarization component becomes strongly attenuated, while the out-of-plane component will continue to propagate along the graphene surface without significant attenuation. The nanoparticle superlattice offers a preferential direction for light propagation compared to unmodified graphene, corresponding to the direction of parallel lines of copper nanoparticles.
In conclusion, our review shows that advanced SNOM is a powerful imaging technique with immense potential that has so been only partially realized. With the advent of advanced nanofabrication methods, it is now possible to produce designer c-SNOM tips of varied composition with finely controlled aperture sizes from 100 nm to as small as 20 nm. Studies have shown that SNOM is able to map the complete electromagnetic near-field of nanostructures, even without resorting to specialized tip designs. Access to this unique near-field information has significant potential to improve the design and performance of optoelectronic devices. Imaging near-fields in three dimensions is a natural extension on traditional 2D c-SNOM mapping to examine nanostructures, complementing the already robust list of complimentary techniques available including Raman, FTIR, and electromagnetic field imaging.
Nanoparticles and nanostructures have the potential to revolutionize device architecture and design by imparting new functionality to already established technologies. 3D SNOM is positioned to encourage this revolution by providing the capability to fully characterize scattered and near-field light from nanoparticles and nanostructures, and exploit them to improve device properties. Examination of the near-field of metal nanoparticles using 3D SNOM has been used to enhance the performance of organic BHJ solar cells through an increased understanding on the forward scattered light field. Efficient control of scattered light in solar cells enabled by 3D SNOM could lead to increased PCE without significant changes to existing solar cell architectures. 3D SNOM has also been shown to have the capability of mapping all components of electric and magnetic fields above PhCW structures using standard circular aperture tips.
3D SNOM is also not limited to mapping of light and electromagnetic near-fields. The sub wavelength resolution of SNOM can be combined with other techniques not covered in this article-such as thermoreflectance-to enhance the resolution beyond the diffraction limit and obtain the nanoscale thermal conductivity. Synergy with an AFM system also allows SNOM to be easily coupled with other nanoscale force microscopies such as Kelvin probe force microscopy or conducting probe AFM. Multiple SNOM systems can be coupled together to simultaneously inject and collect light from nanostructures [58] . Time resolved studies are also possible with switching or chopping of external light sources to examine temporal properties of nanostructured surfaces. Modifications to AFM More exotic modifications can be considered. SNOM has been shown to be well suited for investigation of biological systems where non-destructive and contactless methods are in high demand for nanoscale imaging of live cells [57] . 3D SNOM is envisaged to lead to breakthroughs in the study of biological systems with nanoscale imaging of live cells, as well as improved design and operation of nanoscale light management devices. 3D SNOM is well positioned to augment the study of nanoscale properties of materials, with a bright future ahead for sub-wavelength resolution imaging.
